A description is given of a whole-body counting technique using radiotracers, permitting the determination of true absorption and endogenous excretion of trace elements and minerals in the rat in vivo. This non-invasive counting method involves oral and intraperitoneal administration of tracer doses of a radioisotope in a cross-over fashion and subsequent measurement of the whole-body retention in a whole-body counter. Thus, true absorption can be determined in one animal which contributes to the reduction of animal use. To study the variations in counting response due to radioisotope distribution, to size or shape of the animal body, the influence of the position of a point source and distribution over different phantoms to simulate various body sizes are experimentally evaluated for 64Cu, 65Zn, 59Feand 28Mg. Results from 2 studies, with 64Cu and 28Mg, as an example for a trace element and a mineral respectively, are presented and illustrate that absorption as measured by apparent absorption does not necessarily reflect true absorption. True absorption as determined by the whole-body retention method using radioisotopes corrects for faecal losses of endogenous origin.
Materials and methods
Fig 1 Diagram of whole body-counter and rat holder in the well used for whole-body counting. Lead bricks. providing shielding not shown
Whole-body counter
The liquid-scintillation counter used to measure the activities of small animals 25.8cm (10.2") 7. 1~(2.8") degree, with which variations arising from the above-mentioned factors are absent or can be predicted and thus corrected for.
The aim of this study was to show the potentials of the radiotracer technique using whole-body counting, and to identify possible sources of errors. The response of the counter has been experimentally investigated for the radioisotopes: 64Cu, 65Zn, 59Fe and 28Mg. We describe a scintillation whole-body counter for small experimental animals (rats) for absorption and retention studies. The method allows to make estimates of endogenous excretion rates. The usefulness of the method of copper and magnesium absorption and excretion in rats will be illustrated. centre 7.5cm-.----(3.0") .L stable form of the element present in the diet. Determination of the whole-body radioactivity can generally be done accurately if the detector response is not sensitive to the distribution of the radioactivity within the body.
Absorption studies performed with the conventional balance technique determine only apparent absorption and not the true absorption. If the true intestinal absorption is to be determined, the unabsorbed fraction of the oral dose needs to be quantified. However, during measurements part of the absorbed dose may be excreted into the intestine (endogenous excretion). The higher this endogenous excretion in relation to dietary intake, the greater is the difference between apparent and true absorption in the conventional balance technique. Also in the radiotracer method a fraction of the absorbed radioactivity is endogenously excreted and leaves the intestinal lumen with the faeces.
Consequently, a correction for endogenous losses has to be introduced. This may be done by comparison of the whole-body retention curves for 2 methods of administration, viz an oral and an intraperitoneal or intravenous application, resulting directly in the actual percentage absorption of orally administered radioactivity. The procedure and rationale for the calculation of the true absorption has been described for 65Zn (Becker &. Hoekstra 1967) .
The whole-body counting technique for determining intestinal absorption requires suitable radioisotopes and a whole-body counter. During the entire experimental period the whole-body counter must be insensitive to: (I) changes in the spatial distribution of the radioisotope within the body, particularly when the radioisotope is initially concentrated into a small volume, followed by gradual distributing throughout the body; (2) changes in body size and shape. Both changes lead to changes in radiation absorption effects of the body and in counting geometry, and the final effects are dependent on the energies of the radioisotope. The accuracy of total retention measurements determined by whole-body counting depends on the was constructed in the Interfaculty Reactor Institute. A schematic representation of the detector and the electronics are shown in Fig. 1 . The tank containing the scintillation solution is almost entirely surrounded by lead bricks which provide shielding (not shown in the figure) . The scintillation solution is composed by terphenyl and 2,2-phenylene bis (5-phenyloxazole) (POPOP) in pseudocumene (1,2,4-trimethyl benzene). A coating of Ti0 2 in an epoxy resin protects the inner walls of the scintillation tank from the chemical action of the scintillator solution and provides light reflectance. A 5-inch EMI photomultiplier type 9791 B (Thorn EMI Electron Tubes, Middlesex, UK) with a bialkali photo-cathode is mounted at the lower end of the tank.
The signal is led to a multichannel analyser Canberra $-30 [Canberra Packard Benelux, Tilburg, The Netherlands), which is actually used as a single channel gamma ray spectrometer. The lower end of the region of interest was set to achieve a maximum signal to background ratio. Due to the low Z-value of the scintillation solution, the compton effect dominates strongly over the photo-electric effect, and thus, actually no gamma-ray spectrometry can be performed. Thus, additional qualitative measurements were carried out with a high-resolution semi conductor gamma detector to verify radionuclic Van den Berg et al. purity. The radioisotopes 64Cuand 28Mg used in this study were shown to be pure.
The counter was stable in background counting rate over a period of several hours, i.e. the counting period for all animals within a series. The background rate was 14 924 counts in a counting period of I min, with a standard deviation of 130, being largely due to (natural) statistical fluctuations. A 2-3% random deviation about the mean of the background value was measured over a 14-day period, i.e. the entire experimental period and include fluctuations due to external influences. Significant coincidence losses were not observed until counting rates exceeded 100000 counts per second (cps), as experimentally determined with increasing activities of radioisotope solutions (results not shown). Overall counting efficiencies ranged from 14 to 65% [Table I ). In practice, all rats were routinely counted for 30 sec unless the radioactivity levels (depending on combined physical-and biological half-life) were less than net 1500 cps. At 1500 cps as net signal, 14294 cpm as background and a counting time of 30 sec, the precision (expressed as the coefficient of variation) amounts or 0.5%. Below 1500 cps the counting time was increased, but not longer than 300 sec for both background and sample. For relatively low whole-body activities, the background counting rate The variation in the response of the counter to various animal body sizes and shapes was investigated by the use of various polyethylene bottles filled with water (up to 250 ml) serving as phantom, approximately tissue-equivalent to the animals and containing size-independent levels of radioactivity. The phantoms were placed in the well of the whole-body counter with the use of the rat holder (d. Fig. 1 ). The phantoms imitate a homogeneous distribution over the animal. The radioisotopes 64Cu, 65Zn,59Feand 28Mg were chosen, because of their application in nutritional studies.
When the distribution of the radionuclide is varying rapidly with time (Gupta et al. 1976 ), sources of errors may be introduced. Since the variation in the response of the counter to the body size was the largest for 64Cu, the variation of counting efficiency with the positions of the radioisotope in the body was assessed for this radioisotope only. To simulate heterogeneous distribution of 64CUin an animal, an irradiated copper wire was positioned at various vertical and horizontal places at the inside and outside of a 250 ml phantom. Radioisotopes 64Cuwas prepared by irradiating a copper wire (purity 99.999%; Ventron, Karlsruhe, Germany) in a thermal neutron flux of 10 17 /m 2 .s for 36 h in the nuclear reactor of the Interfaculty Reactor Institute. Following irradiation, the wire was dissolved in 25 ILl concentrated nitric acid and diluted with acetate buffer (0.05 mol/I, pH 5.4) resulting in a final copper concentration of 1mg/ml. The specific activity of the [64Cu]Cu solution at the start of the experiments was about 19TBq/mol Cu. 28Mgwas prepared as described elsewere (Kolar et al. 1991) , resulting in a solution of 160mmol/l [28Mg]MgCl 2 with a specific activity of 1.2 GBq/mol Mg. 65Zn(as ZnCl 2 in 0.1 M HCl) with a specific activity of 200 TBq/mol and 59Fe
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(as FeCl2 in 0.1 M HCII with a specific activity of 4400 TBq/mol, were purchased from Amersham (Little Chalfont, Buckinghamshire, UK).
Application of the method
The experiments reported here were derived from 2 separate rat studies (Van den Berg &. Beynen 1993, Van der Heijden et al. 1993 ). The experimental protocol was approved by the animal experiments committee of the Erasmus University at Rotterdam, also serving as such for the Delft University of Technology.
Animals, housing and diets
Outbred, male Wistar rats (Hsd/Cpb: Wu, Harlan, Zeist, The Netherlands) aged 3 weeks (Experiment 1) or 6 weeks (Experiment 2) were used. The rats had been fed a commercial, pelle ted diet (SRMA®, Hope Farms, Woerden, The Netherlands) and tap water ad libitum.
Experiment 1 (64Cu study) On arrival, the rats were housed in groups of 4 animals in polycarbonate cages (37.5*22.5*15.0 cm) with inlaid wire mesh floors with filter paper underneath. After a pre-experimental period of 10 days (day a of the experiment), during which they received a purified diet (Cu adequate, control diet) containing 5 mg Cu/kg, the rats were divided into 2 groups of 6 rats each, which were stratified for body weight. One group remained on the control diet, and another group was transferred to a diet containing 1 mg Cu/kg (Cu-deficient). The composition of the purified diets has been described elsewhere (Van den Berg &. Beynen 1992). The rats were housed individually in metabolism cages (Techniplast Gazzada, Buguggiata, Italy). The experiment lasted 35 days.
Experiment 2 (28Mg study)
On arrival, the rats were housed as described above, and had ad libitum access to the commercial diet and tap water. After 2 days (day 0) the rats were housed individually in metabolism cages (Techniplast Gazzada, Buguggiata, Italy), and were transferred to a purified diet and demineralized water for another 35 days. The composition of the diet has been described (Bergstra et al. 1993) .
Apart from the Cu concentration (Experiment I), the powdered diets were formulated according to the nutrient requirements of rats (National Research Council, 1978) , and stored at 4°C until feeding. Food and distilled water were provided ad libitum. The cages were placed in randomized position in a room with controlled temperature (20-22°C), relative humidity [40-65%) and light cycle [light, 06:00-18:00 h). Feed consumption and body weight were recorded weekly.
Experimental design radioisotope study 64Cu administrations (Experiment 11were performed on days 21 and 28, after overnight fasting. Half of the animals in each dietary group received 64CUin the extrinsically labelled meal. The remaining 3 animals of each group were injected with the radioisotope intraperitoneally. On day 28, the route of administration of radiotracer for each animal was alternated. The radioactive meals were prepared by adding 100 III acetate buffer containing 5 JLg radiolabelled eu to 2 g of the experimental diet. For intraperitoneal administration, 100III of radioisotope solution, also in acetate buffer, was injected.
2.8Mgadministrations (Experiment 2) were performed on days 22 and 29. On day 22, after overnight fasting, 5 animals received [2.8Mg] MgCI2.with an extrinsically labelled meal. The remaining animals were injected with the radioisotope intraperitoneally. On day 29, the route of administration of radioisotope for each animal was alternated. The radioactive meals were prepared by adding 100III of 163mmol/1 [2.8Mg] MgCI2.in distilled water to 2 g of the experimental diet. For intraperitoneal administration, 100III of radioisotope solution, also in distilled water, was injected.
To equalize handling and treatment of each rat, the rats receiving the radioisotope orally were injected intraperitoneally with distilled water or phosphate buffered saline Van den Berg et al. and the rats that were injected with the radioisotope were given the meal without the radioisotope. On the days of radioisotope administration, treatment order of the rats was randomized. The meals without or with radioisotope were presented to the rats after a 16 h fast. The meals were consumed within 5 min. Subsequently, the intraperitoneal injection with and without radioisotope, respectively, was given. Radioactivity in individual rats was counted in the wholebody counter within 5 min after administration of the radioisotope. Thereafter, the animals received their normal diets. For another 4 days, the animals were counted every 8 h. All animals were also measured one day before the second administration of the radioisotopej whole-body activity was found not to differ from background measurements.
Calculation
Apparent absorption was calculated according to the conventional balance method, viz. intake minus faecal excretion and expressed as percentage of intake.
True absorption was calculated according to Heth &. Hoekstra (1965) and Becker and Hoekstra (1967) . Countings (corrected for background and radioisotope decay) were expressed as percentage of administered dose. Plots of the logarithm of the percentage radioactivity retention after intraperitoneal and oral administration of the radioisotope vs. time were constructed.
The zero-time intercepts were determined by extrapolating the linear parts of the curves to t = a (intersection with the Yaxis). Ideally the slope of the terminal component after oral administration will parallel the slope of the curve after intraperitoneal administration, indicating that at that time interval the radioisotope is handled independently of the route of administration. Percentage true absorption was calculated by dividing the intercept of the retention curve for the orally administered radioisotope by that of the retention curve for intraperitoneally administered radioisotope and multiplying by 100. This calculation was executed for results of the 2 balance periods in each animal. Experiment 1 and 2. All values are The absolute amount of true copper presented as mean ± SEM. Differences absorption was calculated by multiplying between group means were evaluated with intake and percentage absorption. Faecal excretion of endogenous losses was Results and discussion for a number of radioisotopes with different gamma energies: 64Cu, 65Zn, 59Feand 28Mg (Table 2a -d}. These results show that the variations due to the factors imitated (body size, inhomogenity) are small, although depending on the emitted gamma-ray energies. Initial measurements (after administration, t = 0) and measurements at later time points (assuming homogenous distributionl in a 250-g rat may differ up to 2.5% (d. Fig. 2 ). Thus, a phantom of 250 ml as an approach for the whole animal seems to be useful within an error margin of a few per cent. Now, to investigate in more detail the effect of a non-homogeneous distribution of the radioactivity as a 'spot' geometry, count rates were measured with a 64CU point source along the vertical axis within a phantom filled with 250 ml water; the points were in the phantom at heights of 2.5 em, 7.5 em and 12.5 em from the bottom of the well (Fig.3) . Count rates were also measured in horizontal direction. When the 64CUsource was uniformly distributed in a water phantom of 250 ml, the count rate was only 2.1 % less than the count rate obtained for a point source of equal activity at the centre of the well ( Fig.2; Fig. 3a , viz. reference vs. point 2), and corresponds with earlier results for a 20ml geometry (d. Table 2a ). The variations in response for other positions in the same horizontal plane were very small (Fig.3a) . The variation in response was greatest for source movements in the vertical direction (i.e. corresponding to the anterior-posterior axis of the animal), resulting in a maximum difference of about 10% for 64Cubetween highest and lowest position (Fig.3a) .
Assuming a non-homogeneous distribution of 64Cuand all radioactivity as a point source in the animal, for example in the head or in the tail, this would result in an error of -5.6% and +3.7% respectively compared to a homogeneous distribution over 250 m!. However, head and tail comprise relatively few mass (Owen 1964; Owen 1965) , and moreover do not generally concentrate trace elements and minerals. Thus, the maximum error due to (b) t 2.5 em
Student's t-test as the data were normally distributed (Kolmogorov-Smirnov test). The level of significance was preset at P<0.05. Data were analysed by computer using the SPSS/PC+ statistical package [SPSS,Inc.) .
Effects of radioactivity distribution on counting efficiency
The variation of the response of the wholebody counter to animals of various sizes and shapes was assessed by the use of phantoms (polyethylene bottles filled with water), having the same amount of radioactivity but different volumes: 20 ml [imitating roughly the distribution of an intraperitoneally or an oral dose immediately after administration), 50 ml, 100ml and 250 ml (simulating roughly the size of the rats under study), respectively, Nal:
•.. Other sources of error Two other main sources of errors in wholebody counting are counting statistics and contaminating radionuclides. Errors due to counting statistics are determined by the efficiency of the counter and the background count rate. Due to the relatively short physical half-life of the radioisotopes 64CUand 28Mg and the relatively rapid loss of the radioisotope from the body (biological half-life), it is not opportune to measure animals 4-5 days beyond administration, especially for 64Cu. The dose of 64Cu (1.5 MBq) was the largest dose that did not swamp the detector directly after administration and was just detectable at about twice background levels 4 days after administration (counting time, 300 sec). For 65Zn and 59Feinitial doses are up to a factor 100 less (Table 1) to conduct absorption and retention studies. Radiation from possible 'contaminating' radionuclides, for example 64CUin a 28Mg preparation (MJC Bijvelds, personal communicationl, or 'daughters;, for example 47SC (a 47Ca daughter, d. Welch & House 1980) in the body cannot be discriminated by the whole-body counter, thus leading to erroneous results. It is therefore recommended to carry out an additional qualitative measurement with a high-resolution gamma detector to verify radionuclidic purity.
When gamma-energy resolution is required in the whole-body counting of the animal [e.g. when dealing with impure radionuclides, or performing a measurement for two elements using two radioisotopes at the same time), Nal(Tl) detectors or even better HPGe /Ge(Li) detectors should be used. This has been reported by others. However, when only one detector is used (d. McElroy et 01, 1991) , the counting result is strongly dependent on the geometry of the animal and the activity distribution in it. This is demonstrated in Fig. 3b for the geometry of the activity spots in the 250 ml phantom and a 2" *4" Nal(Tl) scintillation detector. Using the Monte Carlo model of Overwater [RMW Overwater 1993, personal communication) , differences of a factor 5 to 7 were found. This variability may be reduced by using several detectors approaching a 411" geometry, or by a large well-type detector. However, both solutions are rather expensive, particularly when dealing with HPGe/GefLi) detectors. Another solution is to stick to one detector, but to reduce the differences in measurement geometry for the various spots in the animal. This can be done by rotating the animal or the detector in respect to the anterior-posterior axis of the animal and at the same time moving the animal or the detector along the anteriorposterior axis parallel with detector surface. When in addition a collimated detector is used, so that any moment only a slice (perpendicular to the anteriorposterior axis) of the animal is seen by the detector, the variability may further be reduced. However, this solution leads to a considerable loss of the detection efficiency and increased technical complexity.
Application of the method Experiment 1 (64CU study)
The average body weight of the rats at the end of the study was 270 ± 20 g (mean ± SD, n = 12), being not different for the 2 treatment groups. Whole-body retentions of 64Cu after injection and oral administration are shown in Fig. 4 . Early in the experiment (zero to about 50 h postadministration) there was a rapid loss of whole-body 64CUafter oral administration. Analyses of excreta showed that this rapid loss is largely via faeces and is thus related to passage of unabsorbed 64CU.After 50 h, the loss of 64CUwas at a much slower rate representing excretion [endogenous losses) of 64CUwhich had been absorbed from the intestine into the body.
For the control rats, whole-body 64Cu turnover was not different after oral or intraperitoneal administration. 64CU retentions plotted on a semi-log scale Table 3 ). This is because endogenous Cu excretion made up a considerable amount of the total faecal Cu excretion (Table 3) in rats fed Cu adequate diets. Therefore, using the conventional balance technique, i.e. intake minus faecal excretion, apparent absorption will be measured and only approach true absorption values when endogenous losses are negligible. Because biliary 64Cu is poorly absorbed (Mistilis &. Farrer 1968) the contribution of reabsorption of 64Cu during the period of measurement, viz. enterohepatic circulation, is small and will not bias the actual retention measurements.
Rats fed on a low Cu-diet retained more of the radioactivity administered when compared to animals fed the Cu-adequate diet. Cu-deficient rats had significantly higher apparent and true copper absorption (Table 3) . Endogenous copper losses were The absorption and retention of dietary trace elements and minerals can be determined by a simple radiotracer technique when suitable radioisotopes and an adequate whole-body counter are available. The whole-body counter described here requires rather unsophisticated instrumentation and is simple to use. The whole-body counter has the following properties: an approximation of a 411' counting geometry and a well (25 cm deep and 7.1 cm wide) allowing measurements of animals [dimensions: 6.5 cm width and about 10 cm height; about 250 ml volume) with a maximum error due to inhomogeneous radioactivity distribution of only a few per cent. For the true absorption measurement a correction for faecal losses of endogenous significant portion of faecal magnesium is of endogenous origin (Brink & Beynen 1992) , and therefore apparent absorption will differ from true absorption of magnesium (Brink et ai. 1992) . We compared apparent absorption and true absorption of magnesium in rats fed on a purified diet. The final average body weight of the rats in this study was 289 ± 16g (mean±SD, n=9).
Conclusions
The semi-logarithmic retention curves after orally and intra peritoneally administered 28Mgare shown in Fig. 5 . The true Mg absorption was significantly higher than the measured apparent absorption (Table 4 ). This study also indicates that apparent absorption does not necessarily reflect true absorption of Mg, depending on influences on endogenous excretion (Brink et a1. 1992) .
origin is applied by comparison of the retention of orally and intraperitoneally administered radioactivity. Because apparent absorption does not always reflect true absorption, combined measurement of true and apparent absorption gives a better knowledge of minimum dietary requirements.
The radioactivity counting method described is non-invasive and allows measurements of true absorption in one animal. Thus, the whole-body counting technique contributes to a reduction in the use of animals.
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